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Abstract The efficacy of the surfactants SDS and CTAB in detaching P. fluorescens from glass surface
was evaluated in a parallel plate flow chamber. This device enables “in situ” determinations of cells
detachment following the application of surfactants under well controlled hydrodynamic conditions. The
results showed that SDS was able to remove almost all adhering bacteria in a short period of time, whereas
CTAB did not promote much cell desorption. On the contrary, this surfactant increased the adhesion
strength between cells and glass. Both surfactants promoted different alterations of cell surface properties,
which explain their dissimilar effectiveness as cleansing agents.
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Introduction
Biofilms formed on surfaces of industrial equipment cause serious problems such as
decrease of heat transfer in heat exchangers, increase of the fluid frictional resistance at the
surface, increase of corrosion and product contamination (Zottola and Sashara, 1994).
Biofilm formation also results in undesirable effects in membrane processes including
reduction of permeate flux, increase of solute accumulation near membrane surfaces and
module differential pressure and biodegradation of membrane polymers (Flemming et al.,
1997). Surfactants have been intensively used to control biofilm formation in industrial
equipment, especially in the food industry (Zottola and Sashara, 1994) and membrane
processes (Flemming et al., 1997). Although there is a great variety of commercially avail-
able surfactants, the most commonly used are anionic and cationic. Both types have a dual
role in biofilm control, they can inactivate living cells (McDonnell and Russell, 1999)
and/or they alter the surface properties of the attachment substratum, thereby either pre-
venting attachment (Campbell et al., 1999) or promoting detachment of the adhering cells
(Eginton et al., 1998). The efficacy of surfactants in removing attached cells has been thor-
oughly evaluated, however most of the studies are based on static attachment and detach-
ment assays. It is well documented that shear rate influences cell detachment (Meinders and
Busscher, 1993). So, to study the rate of cell detachment in flow systems by the application
of surfactants it is important to create well controlled hydrodynamic conditions. Flow
devices, designed to study microbial adhesion to solid substrata under carefully controlled
hydrodynamic and mass transport conditions, constitute a powerful technique to test the
efficacy of surfactants in biofilm control. Moreover, they enable “in situ” and real time
monitorisation of biofilm detachment. In this study the rate of cell detachment after the
application of a cationic (cetyltrimethyl ammonium bromide-CTAB) and an anionic sur-
factant (sodium dodecylsulfate-SDS) was monitored in a parallel plate flow chamber. The
results were interpreted according to the alterations of bacterial cell surface properties
induced by the surfactants.
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Material and methods
Microbial cells and surfactants
Pseudomonas fluorescens ATCC 13525, a Gram-negative aerobic bacterium, was used in
this work. A continuous pure culture of P. fluorescens was grown in a 2 L glass fermenter,
at 27 ± 1°C, suitably aerated and magnetically agitated. The fermenter was continuously
fed with 0.05 L/h of a sterile nutrient solution consisting of 5 g glucose L–1, 2.5 g peptone
L–1, and 1.25 g yeast extract L–1 in phosphate buffer at pH 7. A suitable amount of
Pseudomonas fluorescens culture was removed from the fermenter, centrifuged
(5,000 rpm, 5 min, 4°C) and washed twice with sterile citrate buffer (pH 6.0; 0.05 M), to be
used in the preparation of cell suspensions.
The surfactants used were sodium dodecylsulfate (SDS) and cetyltrimethyl ammonium
bromide (CTAB), prepared in solutions with concentrations under their critical micelle
concentration (CMC): 1 mM and 0.5 mM, respectively.
The parallel plate flow chamber
The parallel plate flow chamber used in these experiments is depicted in Figure 1. This
device was extensively described by Sjollema et al. (1989). Briefly, the chamber consists
of a nickel-coated brass with dimensions 16 × 8 × 1.8 cm. The bottom and top plates with
dimensions of 5.5 × 3.8 cm are made of glass. A Teflon spacer is placed in between the two
plates yielding a separation distance of 0.06 cm.
The device was mounted in an inverted microscope (Nikon, Diaphot 300). The images
were acquired in a CCD camera (Sony, AVC-D5CE) connected to the microscope and
coupled to an image analyser (Image Proplus 3.0; Media Cybernetics, Maryland) installed
in a 166 MHz personal computer, enabling automatic image analysis. The images were
treated according to the methodology described elsewhere (Azeredo et al., 1997).
Experimental set-up
The overview of the complete flow system is depicted in Figure 2. With this set-up, direct
and “in situ” observations of the attachment and detachment processes are possible 
(Figure 2).
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Figure 1 Schematic representation of the parallel plate flow chamber used
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Figure 2 Schematic representation of the experimental set-up used
Attachment and detachment assays
A Pseudomonas fluorescens cellular suspension (6 × 106 cells/cm3 prepared in citrate
buffer pH 6.0; 0.05 M) was circulated through the parallel plate flow chamber at a flow rate
of 0.11 ml/s until a certain surface coverage was achieved. Thereafter the flow was
switched to citrate buffer (pH 6.0; 0.05 M) to remove all unattached bacteria. After 30 min-
utes of buffer circulation the surfactant was mixed with the buffer until a final con-
centration of 0.5 mM for CTAB and 1 mM for SDS. The surfactant solution was then
circulated at the same flow rate. Images were grabbed every 15 seconds and the data
obtained was expressed as number of cells attached per cm2.
Determination of cell surface properties
Cells of Pseudomonas fluorescens obtained as described before were suspended in the
solutions of surfactants prepared with citrate buffer (1 mM for SDS and 0.5 mM for CTAB)
until a final concentration of 6 × 106 cells/cm3. These suspensions were incubated at room
temperature during 30 minutes after which the surface properties of the cells were deter-
mined. Contact angles were measured on cell lawns prepared as described by Busscher et
al. (1984) and cell surface hydrophobicity was determined as reported elsewhere (Azeredo
et al., 1997b). Zeta potentials were measured in a Zeta-Meter 3.0+ apparatus.
Results
Figure 3 presents the attachment and detachment kinetics of cells of Pseudomonas
fluorescens from glass after the application of SDS and CTAB. During the period of buffer
circulation no significant decrease in cell number was observed. After SDS application
almost all attached cells were removed from the surface and the maximum rate of detach-
ment was on average 294 cells s–1mm–2. Considering CTAB, this cationic surfactant did
not promote a significant cleansing of the surface as observed in image B of Figure 3.
Although the maximum rate of cell detachment was on average 30 cells s–1mm–2 (approxi-
mately 10 times lower that that of SDS), after a short period of time this surfactant was 
no longer able to remove the adhering cells (Figure 3). It is important to stress that the
application of surfactants was done only when the surface was covered with approximately
the same number of bacteria in order to maintain the same bacteria/surfactant ratio. In 
order to understand the results obtained, the cell surface properties (zeta potential and
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Figure 3 Kinetics of P. fluorescens attachment and detachment after the application of CTAB () and SDS
() (n stands for number of cells per cm2) and respective images (A: surface covered with cells prior to the
application of surfactants; B: surface after the application of CTAB; C: surface after the application of SDS)
hydrophobicity) of P. fluorescens after being in contact with the surfactants were deter-
mined (Table 1). The zeta potential gives an indication of cell surface charge. The cell sur-
face hydrophobicity was expressed as the free energy of interaction between two cells
when immersed in water (∆Giwi) (van Oss, 1994) and this enables the quantification of sur-
face hydrophobicity in SI units. From the values of Table 1 it is clear that both surfactants
greatly influence the zeta potential and cell surface hydrophobicity. The efficacy of SDS
after the application of CTAB was also studied and the results are presented in Figure 4. As
can be seen from the data plotted, the number of cells attached after SDS treatment remains
constant, which indicates that SDS after CTAB treatment does not promote any cell
detachment.
Discussion
The device used in this study enabled the quantification of cell detachment following the
application of two types of surfactants using a constant shear rate. It is important to stress
that with this apparatus only transparent materials can be used as adhesion surfaces.
Nevertheless, in the case of opaque materials the same flow system could be used with epis-
copic illumination rather than diascopic. The anionic surfactant tested (SDS) was able to
remove all adhering bacteria (Figure 3), which proves its high efficiency as a cleansing
agent. The efficacy of SDS in removing attached cells can be explained by the modification
of cell surface properties induced by this surfactant. From Table 1 it can be seen that P. flu-
orescens treated with SDS becomes less hydrophilic (i.e. the free energy of hydrophobic
interaction ∆Giwi is less negative) and more negatively charged. The alteration in cell sur-
face hydrophobicity can be explained by the fact that SDS anchors to the cell surface
through its polar part, exposing the apolar part, which is hydrophobic (∆Giwi = 
–102.0 mJ/m2; van Oss, 1994). This is supported by the fact that the free energy of attrac-
tion of the cells to the polar part of the molecule (= –85.6 mJ/m2) is greater than that to the
apolar part of the molecule (= –47.9 mJ/m2). In a previous study, it was demonstrated that
the extent of cell attachment was directly correlated with surface hydrophobicity, i.e. cell
attachment increases when the degree of surface hydrophobicity increases (Oliveira et al.,
2001). As far as cell detachment is concerned, several authors have claimed that electrostat-
ic interactions are also very important (Campbell et al., 1999). In this study, the increase of
the negative zeta potential might have had a determinant role in detachment. As glass is
negatively charged, an electrostatic repulsion could have overcome the hydrophobic attrac-
tion between cells and glass. Cetyltrimethyl ammonium bromide belongs to the group of
the quaternary ammonium compounds, which are considered the most powerful antiseptic
and disinfectant surfactants due to their rapid adsorption to bacterial cell surfaces on
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Table 1 Modification of the surface properties of 
P. fluorescens by SDS and CTAB
Cells Hydrophobicity Zeta potential
(∆Giwi: mJ/m2) (mV)
P. fluorescens +24.8 –16.1
P. fluorescens + SDS +6.4 –22.4
P. fluorescens + CTAB +33.4 +60.4
4000 5000 6000 7000
time (s)
0
2
4
6
8
10
12
14
16
0 1000
n*(106 cm-2) CTAB SDS 
Figure 4 Kinetics of P. fluorescens attachment and
detachment after the application of CTAB followed by SDS
(n stands for number of cells per cm2)
account of their positive charge, promoting cell membrane disorganization (McDonnell
and Russell, 1999). It is also reported that CTAB influences the zeta potential of the cells
(Neu, 1996). In fact, cells treated with CTAB became positively charged (Table 1). This
means that an electrostatic attraction could have been established between the negatively
charged glass surface and the cells coated with CTAB. Accordingly, CTAB did not pro-
mote a significant cell detachment from the surface (Figure 3). Cells treated with CTAB
became even more hydrophilic, which could contribute to a decrease in the strength of cell
attachment. However, once more, electrostatic interaction seems to be dominant in cell
detachment. The increase of the strength of the interaction of cells to glass as a result of
CTAB treatment is well elucidated in Figure 4, in which SDS was not able to detach cells
after the application of CTAB. Although this latter surfactant is a powerful biocide
(McDonnell and Russell, 1999), it cannot be used as cleansing agent.
Conclusions
Studies of the cleansing effect of surfactants can be done in a parallel plate flow chamber,
which enables “in situ” and real time monitoring of cell detachment, under well controlled
hydrodynamic conditions. Moreover, with this device it is also possible to study the effect
of shear rate on the efficiency of surface cleaning by surfactants. SDS showed a good
cleansing capability of glass surface due to the alterations of the surface properties of cell
walls induced by this surfactant. CTAB interacted with the cell surfaces of P. fluorescens,
turned them positively charged and thus strengthened the interaction with glass. Thus
CTAB, instead of removing bacteria, cements them. This highlights that changes in the
attachment strength following treatment can have serious implications on the effectiveness
of the surface cleansing.
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